The objective of this study was to investigate the removal of bacteriophages in Mg/Al layered double hydroxide (LDH). Batch experiments were performed with bacteriophage MS2 in a powder form of Mg/Al LDH under various LDH doses. Column experiments were also performed under flow-through condition with bacteriophages MS2 and phiX174 in Mg/Al LDH immobilized on sand surfaces. Batch tests demonstrated that the powder form of Mg/Al LDH was effective in removing MS2 with the removal capacity of 2.2 × 10 8 plaque forming unit (pfu)/g under the given experimental conditions (LDH dose ¼ 2 g/L; initial MS2 concentration ¼ 4.61 × 10 5 pfu/mL). Column experiments showed that the log removal of phiX174 was 4.40 in columns containing 100% Mg/Al LDH-coated sand while it was 0.05 in 100% quartz sand. These findings indicated that Mg/Al LDH-coated sand was effective in removing bacteriophages compared with sand. A more than 4 log removal (¼5.44) of MS2 was achieved in 100% Mg/Al LDH-coated sand. This study demonstrates the potential application of Mg/Al LDH for virus removal in water treatment.
INTRODUCTION
Groundwater resources can be virally contaminated by septic tank effluent, wastewater discharge, and through the application of manure to agricultural land, resulting in the degradation of drinking water quality and posing a threat to public health (Mawdsley et al. ; Unc & Goss ) . To provide safe drinking water and subsequently prevent water-related diseases, water treatment alternatives using various adsorbents/filter media such as activated carbon (Powell et al. ) , bituminous coal (Gupta & Chaudhuri ) , and quartz sand (Aronino et al. ; Elliott et al. ) have been considered. Some researchers modified the sand surface charge from negatively charged to positively charged using metal (aluminum, iron) oxide coatings, thereby significantly improving the capacity of the sand for virus removal (Foppen et al. ; Zhuang & Jin ) . For example, Zhuang & Jin () investigated the transport and removal of bacteriophages MS2 and phiX174 in Al-oxide coated sand. Bradley et al. () performed laboratory tests using Fe-oxide amended bio-sand to remove bacteriophage MS2 from aqueous solution.
Clays (montmorillonite, kaolinite, bentonite, and so on) have also been tested for virus removal because of their large surface area and high ion exchange capacity (Moore et al. ; Schiffenbauer & Stotzky ) . For instance, Sobsey et al. () showed that clays were more efficient in the removal of enteric viruses from wastewater than sand and organic soil materials. Chattopadhyay et al. () observed the influence of surfactants on the survival and adsorption of viruses in clays and iron oxides. Recently, layered double hydroxides (LDHs), which are a class of nanostructured anionic clays, have been tested widely for the removal of various inorganic and microbial contaminants from aqueous solution ( Jin et al. ; Goh et al. ) . LDHs consist of positively charged brucite-like sheets that are balanced by the intercalation of anions in the hydrated interlayer regions (Goh et al. ) . They have high surface areas, large anion exchange capacities, and good thermal properties (Cavani et al. ) .
For the application of LDHs to virus removal in flowthrough systems, a powder form of LDHs could be immobilized on granular media (e.g. quartz sand) to provide sufficient hydraulic conductivity and mechanical strength. To our knowledge, only one study has been conducted for the removal of bacteriophage MS2 in Mg/Al LDH-coated sand. They conducted one set of column experiments to examine the transport of MS2 in quartz and LDH-coated sands (You et al. ) . Further experiments are required to improve our knowledge regarding virus removal using LDH immobilized on the sand surfaces. The objective of this study was to investigate the removal of bacteriophages using Mg/Al LDH. Batch experiments were performed with bacteriophage MS2 with a powder form of Mg/Al LDH. Column experiments were also performed with bacteriophages MS2 and phiX174 in Mg/Al LDH-coated sand under flow-through condition.
MATERIALS AND METHODS
Preparation of powder form of Mg/Al LDH All chemicals used for the experiments were purchased from Sigma Aldrich. Mg/Al LDH was prepared from Mg(NO 3 ) 2·6H 2 O and Al(NO 3 )2·9H 2 O. A powder form of the LDH was prepared by a co-precipitation method. A 700 mL solution (M II /M III molar ratio ¼ 2) was added drop-wise using a peristaltic pump (QG400, Fasco, USA) at 3 mL/min into 1,000 mL alkali solution (pH ¼ 13) of sodium hydroxide (NaOH, 3.5 mol) and sodium carbonate (Na 2 CO 3 , 0.94 mol) under intensive stirring at room temperature. The resulting precipitates were oven-dried at 65 W C for 18 h. Precipitates were washed thoroughly with deionized water to remove excess sodium, and then final suspensions were centrifuged at 8,500 rpm for 20 min. The washed precipitates were thermally treated again at 105 and 300 W C for 24 h in an electric muffle furnace (C-FMA, Vision Lab, Korea) and then pulverized in a ball mill. The powder form of Mg/Al LDH was characterized by powder X-ray diffractometry (XRD, D8 Advance, Bruker, Germany) with a Cu Kα radiation of 1.5406 Å at a scanning speed of 0.6 W 1/sec. Surface area, total pore volume and average pore diameter of the LDH were measured by N 2 adsorptiondesorption isotherms and Branauer-Emmett-Teller (BET) analysis using an ASAP 2020 instrument (Micromeritics, USA).
Preparation of Mg/Al LDH coated on sand surfaces
Quartz sand supplied by the manufacturer of Jumunjin Silica was used in the experiments. Mechanical sieving was conducted with US Standard Sieves No. 100 (Fisher Scientific). Sand fractions with a grain size of 0.15-0.85 mm and a mean diameter of 0.61 mm were used to prepare the Mg/Al LDH-coated sand. Before use, the sand was washed twice with deionized water to remove impurities on the surface. The wet sand was autoclaved for 20 min at 17.6 psi, cooled to room temperature, and oven-dried at 105 W C for 1 or 2 days. To prepare Mg/Al LDH coated on sand surfaces, a 150 mL solution of Mg(NO 3 ) 2 ·6H 2 O and Al(NO 3 ) 2 ·9H 2 O (Mg II /Al III molar ratio ¼ 2) was added drop-wise using a peristaltic pump (QG400, Fasco, USA) at 3 mL/min into 150 mL alkali solution (pH ¼ 13) of NaOH (2 mol) and Na 2 CO 3 (1 mol) under intensive stirring at room temperature. Then, the quartz sand (200 g) was added to the solution, mixed in a rotary evaporator once at 65 W C and 60 rpm for 18 h, and again at 90 W C and 80 rpm for 20 min to remove water in the suspension (Hahnvapor, Hahnshin Scientific Co., Seoul, Korea). The coated sand was thermally treated at 105 W C, washed with deionized water, and then dried again under the same conditions. Field emission scanning electron microscopy (FESEM) analysis along with energy dispersive X-ray spectrometry (EDS) analysis were performed using a field emission scanning electron microscope (Supra 55VP; Carl Zeiss, Oberkochen, Germany) to confirm the presence of Mg/Al LDH on the coated sand.
Virus and plaque assay
The bacteriophages MS2 (ATCC 15597-B1) and phiX174 (ATCC 13706-B1) obtained from the American Type Culture Collection were grown on Escherichia coli (ATCC 15597) and E. coli C (ATCC 13706), respectively, by the double agar overlay method (Adams ). Bacteriophages were enumerated by the plaque assay method using the aforementioned host. Host culture (0.2 mL) and 0.1 mL of diluted virus sample with 5 mL soft agar were added to tubes, and then the mixture was poured onto trypticase soy agar (TSA) plates to solidify. After solidifying, plates were incubated at 37 W C for 18 h.
Batch experiments
Batch experiments were conducted in triplicate to examine the removal of bacteriophage MS2 by Mg/Al LDH. MS2 stock solution was diluted from a concentrated titer with artificial ground water (AGW; 0.075 mM CaCl 2 , 0.082 mM MgCl 2 , 0.051 mM KCl, 1.5 mM NaHCO 3 , pH 7.6) to the desired concentration. The virus stock concentration was ∼10 5 plaque forming unit (pfu)/mL. The method consisted of adding virus stock solution to a 50 mL centrifuge tube containing different concentrations of Mg/Al LDH (1.0-4.0 g/L). After all tubes were properly prepared and sealed, they were shaken at 25 rpm for 3 h at 4 W C to avoid thermal inactivation of the virus. Suspensions were then centrifuged at 9,000 × g and 4 W C for 15 min (Combi-514R;
Hanil Science Industrial, Incheon, Korea). The viable bacteriophage concentration was determined by a plaque assay method. Control tubes were filled with only bacteriophage solution and treated in the same manner as the experimental tubes. The bacteriophage removal was calculated with the following formula:
where S is the amount of bacteriophage removed per one gram of LDH (pfu/g). C i and C are the initial and final bacteriophage concentrations in the liquid phase (pfu/mL), respectively. M is the total mass of LDH used in the experiment (g/mL).
Column experiments
Column experiments were conducted using a Plexiglas column (inner diameter ¼ 2.5 cm; length ¼ 10 cm; bulk volume ¼ 49.1 cm 3 ) packed with quartz and Mg/Al LDHcoated sands (mass of medium ¼ 76.8 ± 1.2 g). Experimental conditions are provided in Table 1 . A column was packed for each experiment by the tap-fill method to attain a bulk density of 1.568 ± 0.039 g/cm 3 and a porosity of 0.409 ± 0.015. Column experiments were conducted at 4 W C to minimize inactivation of bacteriophages MS2 and phiX174. The column was connected to a pump (QG400, FASCO, USA) operating at a rate of 0.5 mL/min. Prior to the experiments, the packed column was flushed upward with 20 pore volumes of AGW until the column effluents were clear and a steady-state flow condition was established. Column experiments were performed via the continuous downward injection of bacteriophages suspended in AGW (10 5 -10 6 pfu/mL) at flow rate of 0.5 mL/min. Effluent samples were collected at regular intervals for 24 h using an auto collector (Retriever 500, TELEDYNE, USA). Effluents were analyzed to determine the bacteriophage concentration using the double agar overlay method.
Data analysis
Empty bed contact time (EBCT, min) was determined as follows:
where V r is the fixed-bed volume (cm 3 ), and Q is the volumetric flow rate (mL/min). The log removal of bacteriophage during the experiment was calculated as follows:
where R is the percent of removed bacteriophage during the experiment. In colloid filtration theory, the sticking efficiency (α), which is the probability that the particle colliding with the collector sticks to that collector, was determined with the following equation (Tufenkji & Elimelich ):
where d c is the particle diameter of porous media, n is the porosity, L is the column length, and η is the collision efficiency. Collision efficiency was calculated using the following equation ( where A S is the porosity-dependent parameter, N R is the aspect ratio, N Pe is the Peclet number, N vdW is the van der Waals number, N A is the attraction number, and N G is the gravity number. Due to the small particle (nano) size of bacteriophage, the second (transport by interception) and third (transport due to gravity) terms in Equation (5) are negligible, and so only the first term (transport by diffusion) is used in the calculation of η (Tufenkji & Elimelich ) . Parameters used in the calculation of α are summarized in Table 2 .
RESULTS AND DISCUSSION
Bacteriophage removal by powder form of Mg/Al LDH The XRD pattern of Mg/Al LDH thermally treated at 105 and 300 W C are presented in Figure 1 . Mg/Al-105 possessed reflection characteristics of layered structure with sharp and intense lines at low 2θ and less intense lines at high 2θ (Figure 1(a) ). The chemical compositions and physical properties of Mg-Al LDH are provided in Table 3 . Mg/Al-105 had a chemical formula of Mg 4 Al 2 (OH) 12 CO 3 ·3H 2 O with hexagonal crystal system. For Mg/Al-300, however, the LDH phase was destroyed (Figure 1(b) ) and replaced by a chemical formula of Al 8 O 3 N 6 þAl 0.56 Mg 0.44 with hexagonal/rhombohedral crystal system. The removal percents and capacities for bacteriophage MS2 (initial bacteriophage conc. ¼ 1.35×10 5 pfu/mL) in Mg/Al-105 are provided as a function of LDH dose in Figure 2 . The removal percent increased from 83.1 to 95.7% while the removal capacity decreased from 1.16 × 10 8 to 0.33 × 10 8 pfu/g with increasing LDH doses from 1.0 to 4.0 g/L. For Mg/Al-300, the removal percents and capacities for bacteriophage MS2 (initial bacteriophage conc. ¼ 4.49 × 10 5 pfu/mL) are also given as a function of LDH dose in Figure 3 . The removal percent increased from 85.7 to 91.0% while the removal capacity decreased from 3.97 × 10 8 to 1.12 × 10 8 pfu/g with increasing LDH doses from 1.0 to 4.0 g/L. You et al. () performed the batch sorption test for bacteriophage MS2 using Mg/Al LDH (Mg/Al molar ratio ¼ 2) dried at 65 W C. They reported that the sorption capacities of Mg/Al LDH were between 1.75 × 10 7 and 1.51 × 10 10 pfu/g with initial MS concentrations between 5.2 × 10 2 and 4.5 × 10 5 pfu/mL. Jin et al. () reported from the batch tests that the adsorption capacities of Mg/Al (or Zn/Al) LDH on MS2 and phiX174 were 2.1 × 10 7 and 1.4 × 10 7 pfu/g, respectively.
Further experimental results for bacteriophage MS2 removal at the LDH dose of 2 g/L are provided in Table 4 . The removal percent and capacity of Mg/Al-105 (Ex. 1) were similar to those of Mg/Al-300 (Ex. 3) at the initial MS2 concentration of 1.81 × 10 5 pfu/mL. Also, at the initial MS2 concentration of 4.61 × 10 5 pfu/mL, the removal percent and capacity of Mg/Al-105 (Ex. 2) were similar to those of Mg/Al-300 (Ex. 4). It is indicated that both Mg/Al-105 and Mg/Al-300 had similar capacity for MS2 removal. This result could be attributed to the similar physical properties of the LDHs. Both Mg/Al-105 and Mg/Al-300 had similar surface areas and total pore volumes ( Table 2) .
Bacteriophage removal by Mg/Al LDH coated on sand surfaces
The FESEM image and EDS pattern of Mg/Al LDH-coated sand thermally treated at 105 W C are presented in Figure 4 .
The FESEM image (Figure 4(a) ) demonstrates that the particles of Mg/Al LDH were immobilized on the quartz sand in a patch-wise pattern. EDS analysis (Figure 4(b) ) revealed magnesium (Mg) at the peak positions of 1.25 and 1.30 keV as K alpha and K beta X-ray signals, respectively, while aluminum (Al) was at 1.49 and 1.56 keV as K alpha and K beta signals, respectively. Breakthrough curves (BTCs) for bacteriophage MS2 obtained from the column experiments in Mg/Al LDHcoated sand are provided in Figure 5(a) . The BTCs are provided as time versus log relative concentration. In the column experiment with the 100% coated sand (Ex. 1), the value of log (C/C 0 ) fluctuated between À5.8 and À6.1 over time. In Ex. 2 (50% coated sand), the log (C/C 0 ) initially started at À6.6 and gradually increased, approaching À5.5 at a later time. The log removal and sticking efficiency (α) of MS2 in Mg/Al LDH-coated sand are shown in Figure 6 . In the 100% coated sand (Ex. 1), the log removal of MS2 was 5.44 with a sticking efficiency of 0.6857. When 50% of the coated sand was added to the column (Ex. 2), the log removal of MS2 was 3.89 with a sticking efficiency of 0.4731.
The BTCs for bacteriophage phiX174 in Mg/Al LDHcoated sand are presented in Figure 5(b) . In the 100% coated sand (Ex. 3), the value of log (C/C 0 ) fluctuated between À4.9 and À6.1 over time. The log removal of phiX174 was 4.40 with a sticking efficiency of 0.5365. In Ex. 4 (50% coated sand), the log (C/C 0 ) increased gradually from À5.6 to À2.4. The log removal was 2.22 with a sticking efficiency of 0.2615. In the 100% sand (Ex. 5), the log (C/C 0 ) initially started at À4.8 and sharply increased to À0.1 at 1 h and remained there. The log removal was 0.05 with a sticking efficiency of 0.0084 ( Figure 6 ).
Our results demonstrated that Mg/Al LDH-coated sand was effective in removing MS2 and phiX174. A more than 4 log removal was achieved in the columns containing 100% coated sand. Solid materials with a high point zero of charge (pH PZC ), which are positively charged at the pH of most natural aqueous solutions, are better adsorbents for negatively charged viruses than solids with a low pH PZC (Gerba ). LDHs have a pH PZC of pH 10-11, which is higher than those of Al-and Fe-oxides (You et al.  Results also indicated that the removal of MS2 (log removal ¼ 5.44) was greater than the removal of phiX174 (log removal ¼ 4.40) in given experimental conditions. This result could be attributed to the different isoelectric points (pH iep ) of MS2 and phiX174. The pH iep value of MS2 was 3.9 (Zerda ), which is lower than that of phiX174 (pH iep-¼ 6.6) (Aach ), indicating that MS2 is more negatively charged than phiX174 at the experimental pH 8.0. Therefore, MS2 is electrostatically more attractive than phiX174 to positively charged LDH particles immobilized on the quartz sand surfaces. Zhuang & Jin () reported similar findings, indicating that more MS2 particles were adsorbed on the positively charged Al-oxide coated on the sand surfaces compared with phiX174.
CONCLUSIONS
In this study, batch and column experiments were conducted to investigate the removal of bacteriophages MS2 and phiX174 in Mg/Al LDH. Batch results demonstrated that the powder form of Mg/Al LDH was effective in removing MS2 from aqueous solution. Column results showed that Mg/Al LDH-coated sand was effective in removing MS2 and phiX174 with >4 log removal in the 100% coated sand under the given experimental conditions. This study demonstrates the potential application of Mg/Al LDH for virus removal in water treatment. Further studies are required to examine the impacts of inorganic contaminants and anions on the removal of virus in the columns containing LDHcoated sand. In addition, long-duration experiments are necessary to test the performance of LDH-containing columns.
